We study the possibility that primordial magnetic fields generated in the transition between inflation and reheating posses magnetic helicity, H M . The fields are induced by stochastic currents of scalar charged particles created during the mentioned transition. We estimate the rms value of the induced magnetic helicity by computing different four-point SQED Feynman diagrams. For any considered volume, the magnetic flux across its boundaries is in principle non null, which means that the magnetic helicity in those regions is gauge dependent. We use the prescription given by Berger and Field and interpret our result as the difference between two magnetic configurations that coincide in the exterior volume. In this case the magnetic helicity gives only the number of magnetic links inside the considered volume. We calculate a concrete value of H M for large scales and analyze the distribution of magnetic defects as a function of the scale. Those defects correspond to regular as well as random fields in the considered volume. We find that the fractal dimension of the distribution of topological defects is D = 1/2. We also study if the regular fields induced on large scales are helical, finding that they are and that the associated number of magnetic defects is independent of the scale. In this case the fractal dimension is D = 0. We finally estimate the intensity of fields induced at the horizon scale of reheating, and evolve them until the decoupling of matter and radiation under the hypothesis of inverse cascade of magnetic helicity. The resulting intensity is high enough and the coherence length long enough to have an impact on the subsequent process of structure formation.
I. INTRODUCTION
Large scale magnetic fields are widespread in the Universe. From galaxies to clusters of galaxies coherent magnetic fields are detected, with intensities that range from µGauss to tenth of µGauss. Our galaxy as well as nearby galaxies show magnetic fields coherent on the scale of the whole structure, while in galaxy clusters the coherent length is much less than the cluster's size [1, 2] . A remarkable fact recently discovered by observations, is that high redshift galaxies also posses coherent fields with the same intensitis as present day galaxies [3] [4] [5] . This result challenges the generally accepted mechanism of magnetogenesis, namely the amplification of a primordial field of O ∼ 10 −31 − 10 −21 Gauss by a mean field dynamo [6] [7] [8] [9] acting during a time of the order of the age of the structure: either the primordial fields are more intense so the galactic dynamo saturates in a shorter time, or the dynamo does not work as it is currently thought. It is hoped that future observations of high redshift environments will shed more light on the features of primordial magnetic fields [10] [11] [12] .
In view of the lack of success in finding a primordial mechanism for magnetogenesis that produces a sufficiently intense field, either to feed an amplifying mechanism, or to directly explain the observations (see Refs. [13, 14] as recent reviews), researchers began to delve on magnetohydrodynamical effects that could compensate the tremendous dilution of the field due to flux conservation during the expansion of the universe. Among the possibilities there is primordial turbulence [15] [16] [17] [18] . Possible scenarios for it are the reheating epoch, the phase transitions (at least the electroweak one) and possibly the epoch of reionization, all dominated by out of equilibrium processes.
magnetic helicity spectra are dimensionally related as E M k ∼ kH M k [23] produces a dragging of the former toward large scales, thus enabling the field to re-organize coherently at large scales 1 .
It must be stressed that in a cosmological context, the inverse cascade mentioned above operates on scales of the order of the particle horizon or smaller. This is due to the fact that turbulence is a causal phenomenon. Magnetic helicity on the other hand can be induced at any scale, the topology of the fields then remains frozen if the scales are super-horizon and if there is no resistive decay. For subhorizon scales it is a sufficient condition for its conservation that the conductivity of the plasma be infinite [23] .
The interpretation of H M as the number of twists and links must be considered with care
because from its very definition it is clear that H M is gauge dependent. In their seminal work, Berger and Field [22] proved that if the field lines do not cross the boundaries of the volume of integration, i.e., the field lines close inside the considered volume, then H M as defined is a gauge invariant quantity. These authors also addressed the case of open field lines, and wrote down a definition of gauge invariant magnetic helicity based on the difference of two such quantities for field configurations that have the same extension outside the considered volume. In this case the quantity obtained can be interpreted as the numbers of links inside the volume. In general it is not difficult to find Early Universe mechanisms that produce magnetic fields endowed with magnetic helicity: generation of helical magnetic fields has been already addressed in the framework of electroweak baryogenesis [29] [30] [31] [32] and of leptogenesis [33] . The main problem is still in the low intensities obtained in more or less realistic scenarios.
The magnetic fields we consider in this work are induced by stochastic currents of scalar charges created gravitationally during the transition Inflation-Reheating [25] [26] [27] (see [28] for more details), and such field configuration is of open lines. In the light of the analysis of
Berger and Field, we shall discuss a criterion by which the result obtained can be considered as gauge invariant. The fields induced are random, the mean value of the magnetic helicity is zero, but not the corresponding rms deviation. We assume that those fields are weak enough to neglect their backreaction on the source currents, and show that the rms magnetic helicity can be written as the sum of four SQED Feynman graphs, one of them representing the mean value of H M and consequently identically null. The remaining three add to a non null value. We compute the value of the helicity for large scales and find that the number density of links scales with the distance κ −1/2 from a given point as κ 5/2 , which means that their fractal dimension is D = 1/2 This number density takes into account defects due to both regular and random fields. We also calculate the value of H M due to regular fields on a large scale. In this case the number density scales as κ 3 , the corresponding fractal dimension being D = 0. Using the relation B 2 (κ) ∝ H M (κ) κ, we compare the associated helical intensity to the one obtained by computing directly the correlation function of the magnetic field at the same scale κ −1 . We find that both expressions coincide, which means that the fields generated by the considered mechanism are indeed helical. We estimate the intensity of those smooth fields on a galactic scale, finding an intensity too small to seed the dynamo. We finally address the evolution of fields generated at scales of the order of the particle horizon at the end of reheating, through the inverse cascade of magnetic helicity mechanism, until matter-radiation equilibrium. This evolution is based on the assumption that during radiation dominance the plasma is in a (mild) turbulent state. We find that the number density of magnetic links scales as κ, the corresponding fractal dimension then being D = 4. The field intensity as well as the scale of coherence are in a range that could have and impact on the process of structure formation [14] .
We work with signature (−, +, +, +) and with natural units, i.e., c = 1 = , e 2 = 1/137. We use the Hubble constant during Inflation, H, which we assume constant, to give dimensions to the different quantities, i.e. we consider spacetime coordinates
The paper is organized as follows: Section II contains a brief description of scalar electrodynamics in curved spacetime. In Section III we define magnetic helicity and describe briefly its main properties. In Section IV we develope the formalism to study magnetic helicity of random fields and estimate its rms value in different scenarios: In Subsection IV A we compute the SQED Feynman graphs that describe the magnetic helicity two-point correlation function. In Subsection IV B we provide some physical quantities relevant for our study. In Subsection IV C we describe the transition Inflation-Reheating and quote some useful formulae for our work. In Subsection IV D we apply the analysis of Berger and Field to our fields and show the gauge invariance of our results. In Subsection IV E we calculte the magnetic helicity rms value on large scales, and compute the density and fractal dimension of the distribution of defects. In Subsection IV F we compute the rms value of magnetic helicity due to solely smooth fields, and find that the fields induced by the mechanism considered in this work are completely helical, but very weak. Finally in Subsection IV G we analyze the evolution of fields induced on scales of the order of the horizon at reheating along radiation dominance. By considering conservation of magnetic helicity and assuming full inverse cascade is operative, we find at decoupling a magnetic field of intensity and coherence that could impact on the process of structure formation. In Section V we sumarize and discuss our results. We leave details of the calculations to the Appendices.
II. SCALAR ELECTRODYNAMICS IN FRW
In curved spacetime the action for a charged scalar field coupled to the electromagnetic field is given by
with the Lagrangian density
with g µν being the metric tensor that for a spatially flat Friedmann-Robertson-Walker space-
R the scalar curvature, ξ the coupling constant of the scalar field to the curvature and
Due to the conformal invariance of the electromagnetic field in the spatially flat FRW universe, it is convenient to work with conformal time, defined as dτ = dt/a (t), with t being the cosmological (or physical) time.
The metric tensor then reads g µν = a 2 (η) η µν , with η µν = diag (−1, 1, 1, 1). We shall be dealing with fields in Inflation, Reheating and Radiation dominance. In those epochs the scale factors in physical time are respectively a I (t) = exp (Ht), a rh (t) = (t/t 0 ) 2/3 and a rad (t) = (t/t 1 ) 1/2 , while in dimensionless conformal time, η = Hτ they read a I (η) =
(1 − η) −1 , a rh (η) = (1 + η/2) 2 and a rad (η) = (1 + η). We note that η = 0 corresponds to the end of Inflation (in that epoch η < 0) and consequently the scale factor at that moment is a I (η = 0) = a rh (η = 0) = 1. We rescale the fields according to
which means that ϕ, A µ and B µ are dimensionless. Working with the Coulomb gauge,
, we obtain after taking variations of action (1) the following evolution equations for the scaled scalar and electromagnetic fields
with J i the electric current due to the scalar field, given by
which, writing the complex field in term of real fields as ϕ = (φ
In a first approximation we consider that the induced fields A i are weak enough to discard their coupling to the scalar field given by the last two terms in eq. (4) and the last term in eq. (5) . Also, we consider minimal coupling of scalar fields to gravity, for it will produce maximal particle creation [25] . Eq. (4) then turns into the Klein-Gordon equation for a free field in FRW universe,
whose solutions are given in Appendix A.
For a realistic evolution of A i dissipative effects must be taken into account. This we do by assuming that Ohm's law in its usual form,
In the lack of a clear knowledge about the early Universe plasma, we assume a traditional form for the electric conductivity considered in the literature, namely, that it is proportional to the plasma temperature, i.e., σ (η) = σ 0 T (η) H −2 e −2 , with T (η) = T 0 /a (η) for a relativistic plasma. This assumption amounts to adding to the l.h.s. of eq. (5) a term of the form σ (η) ∂ η A i , and so the evolution equation for A i reads
By taking curl of this equation we obtain the one corresponding to the magnetic field, i.e.
where ǫ ijk is the Levi-Civita tensor density. Eqs. (9) and (10) can be readily integrated to
give the fields in terms of their sources, i.e.
with G ret (x,s, η, τ ) the solution of (see Appendix B)
The electric currents we are considering consist of scalar charges created due to the change of the Universe's geometry during the transition Inflation-Reheating. This change makes the scalar field vacuum state during Inflation to correspond to a particle state in the subsequent phase [34] . This process of "particle creation" is an out-of-equilibrium one, the resulting particle currents being stochastic. In the case of a charged field the mean value of the electric current is zero, but not its rms deviation, which sources a random magnetic field, whose magnetic helicity we are going to compute.
III. MAGNETIC HELICITY
Classically, magnetic helicity is defined as the volume integral of the scalar product between magnetic field and magnetic vector potencial [6, 22] , i.e.
which in view of the dimensions of A i and B i it is already a dimensionlessl quantity. As 
where we see that this is not diluted by the expansion, i.e., expansion does not erase or create the topology of the field, as it is to be expected. In classical magnetohydrodynamics H M is one of the ideal invariants, i.e. it is a conserved quantity in the absense of ohmic dissipation [6, 19, 23] . This means that magnetic helicity cannot be created or destroyed by turbulence or non-dissipative evolution, being then a property of the magnetic field created at its birth.
Unlike other ideally conserved quantities in 3-dimensional magnetohydrodynamics, magnetic helicity performs an inverse cascade [19] . This means that instead of travelling towards small scales (large wavenumber) where it would be dissipated, it makes its way toward large scales (small wavenumbers), carrying with it a bit of magnetic energy. Mathematically, this is expressed by the spectral relation quoted above, i.e.,
In a framework of decaying turbulence (that could exist at the earliest epochs of the Universe), there would be a self-organization of the magnetic field at large scales, with the total energy contained in the considered volume decaying as E ∝ E 0 η −2/3 and coherence length increasing as λ ∝ λ 0 η 2/3 [23] . For primordial magnetogenesis this fact can be of great help in obtaining stronger fields than the ones found up to now to seed subsequent amplifying mechanisms, or even to directly explain the observations. But on the other hand, the conservation of H M crucially constraints the operation of further amplifying mechanisms such as the mean field dynamo [24] .
IV. MAGNETIC HELICITY OF RANDOM FIELDS
As we are dealing with random fields, generated from stochastic quantum electric currents whose mean value is zero, we must evaluate a rms value of the helicity by calculating a twopoint correlation function given by
where angle brackets denote stochastic and quantum average. We shall consider the volume of integration V as the commoving space occupied by the structure of interest (i.e., a galaxy, a cluster, particle horizon at a certain epoch, etc.).
A. Diagramatic evaluation of the magnetic helicity
We begin by writing
where
with
To avoid cumbersome notation, repeated momenta other than κ are assumed to be integrated over. The volume integrals can be readily evaluated, giving
The different fields in (19) can be written as
and
(integration in τ ′ s is understood). The electric currents J i (p, τ ) can be expressed in terms of the scalar fields as
Gathering all expressions, H M (κ, η) is written as
After integrating out the time delta functions the magnetic helicity correlation function spectrum reads
Each scalar field can be decomposed in its positive and negative frequency components, that respectively include the annihilation and the creation operator, namely
When replacing this decomposition in expression (25) it can be seen that in each bracket the only terms that contribute to the mean value are
which in the end combine to form the scalar positive frequency operator,
The first term on the r.h.s. of expression (27) gives
while the second term gives
When performing the products of the two brackets we obtain nine terms that can be represented by the following graphs (full lines indicate scalar fields, dotted lines vector potential and dashed lines magnetic fields). Observe that of the two vertices of scalar electrodynamics, only one contributes to these graphs: the one similar to the QED vertex. This is so because we disregarded the backreaction of A i on the scalar fields. Observe also that the first graph, being the product of two mean values, vanishes identically. The multiplicity of the "square" graph is 4, of the "cross"
diagram is 2 and of the "two-bubble" figure is also 2.
After replacing the expressions for the scalar positive frequency operators and solving all the Dirac delta functions we obtain a δ (κ +κ ′ ), which means that the momentum of the electromagnetic field is conserved. Writing each graph as
we have the following expressions for the prefactor of the non-null graphs: for the square graph, which vanishes when the momenta integrals are peformed.
for the "cross" diagram and
for the "two bubbles" figure. It is clear that for a given volume, the flux of magnetic field across its boundary is not zero; in other words, the boundary of V is not a magnetic surface.
In principle, this fact renders H M as defined in (14), a gauge dependent quantity. As stated above, Berger and Field [22] gave a gauge-independent measure of magnetic helicity suitable for this situation, based on the difference between the magnetic helicities of two field configurations that have a common extension outside the considered volume. The only constraint that definition must satisfy is that the sources of the fields must be bounded in order to guarantee that the surface at infinity is a magnetic one, which is equivalent to say that the magnetic field at infinity must vanish. The fact that in our model B → 0 at infinity [25] allows us to consider the boundary at infinity as a magnetic surface, in spite of the fact that the stochastic currents exist in the whole space (cosmological particle creation is not restricted to the particle horizon [34] ). Below, in section IV D we discuss how to apply
Berger's criterion to our fields.
B. Some dimensions
In this subsection we provide some (dimensional) quantities that will be used later to obtain concrete values of magnetic intensities. We are interested in two scales: one is large, e.g., of the order of the galactic commoving scale (or larger) for which, due to the fact that it remains outside the particle horizon during most of Radiation dominance, we can consider diffusive evolution of the magnetic field. The other is of the order of the horizon at reheating, where the magnetic field may be subjected to an inverse cascade of magnetic helicity if the medium is turbulent. In view of the fact that Reheating happens in a very short period of time, we can consider that during it the particle horizon remains practically constant and equal to the one in Inflation, i.e., h rh ∼ 1. When the universe enters into the radiation dominated regime, the horizon grows as h ∼ η 2 , a fact that in terms of the temperatures can be expressed as h (T ) ∼ (T rh /T ) 2 h rh . In the presence of turbulence, the viscous dissipation scale is usually estimated as λ diss ≃ h/R e with R e the Reynolds number. According to
Ref. [17] , during Reheating can be taken as R e ∼ 100 and smaller for later epochs [18] .
Concerning the galactic size we have that today a galactic commoving scale (i.e., a not- When the transition from Inflation to Reheating occurs, the vacuum state of the fields during Inflation turns into a particle state [34] . Mathematically, this means that the positive frequency modes of the field in the inflationary epoch can be expressed as a linear combination of positive and negative frequency modes in Reheating. As we are dealing with a charged scalar field, electric charges will appear and, as there are equal numbers of positive and negative carriers the mean value of the induced electric current is zero, but not its rms deviation, which will source the stochastic magnetic field. Therefore in order to evaluate ξ (κ, η, η ′ ) we express the φ (p, τ ) fields of Inflation in terms of the ones in reheating by the usual Bogoliubov transformation [34] :
α p and β p being the Bogoliubov coefficients satisfying the normalization condition |α p | 2 − |β p | 2 = 1. The different field products then read
The first term represents the vacuum-to-vacuum transition, the second and third account for a mixing of positive and negative frequency modes, while the fourth, proportional to |β p | 2 , is due to solely the negative frequency modes, i.e. to the transition vacuum to particle state. As the main contribution comes from this term from now on we consider only it.
In a non-instantaneous transition the creation of small scale modes depends on the details of the transition, while for superhorizon modes details of the transition do not matter. For subhorizon modes we have [17] 
while for p < 1 this coefficient reads (see Appendix A)
We see that the contribution of subhorizon modes to the magnetic helicity correlation function will be suppressed relative to the one of superhorizon ones. However, according to the results of Ref. [17] subhorizon fluctuations are responsible for a mildly turbulent flow on scales of the order of the horizon size, with Reynolds numbers R e ≃ 100.
An important comment about the infrared limit in expr. (41) is in order. It is clear that that expression blows out for p → 0. This is due to the approximations made to solve Klein-Gordon equation during Reheating. To give a physical lower limit we must consider the largest homogenous patch created during Inflation as the largest possible scale, which according to Refs. [35, 36] can be considered as about 10 times the horizon during Inflation.
D. Gauge Dependence
In principle, the dependence of the rms value of H M on the gauge could be analised by adding to A (p) a term of the form ip j ψ (p) to the r.h.s. of expression 21, ψ (p) being an arbitrary scalar function. Then in Ξ (κ,κ ′ , η, η ′ ) there will appear a term proportional to
that cancels indentically when the angular integrals are performed. This means that only "on average" our result is gauge invariant. If we consider a gauge term like G = B ij p i p j , with B ij an arbitrary magnetic correlation function, generally it will satisfy that G 2 = 0, and consequently the associated magnetic helicity will not be statistically gauge independent.
We then reason according to Berger and Field as follows. For any volume V we were interested in (a galaxy, a galaxy cluster, horizon at a certain epoch, etc), its surrounding region corresponds to the rest of the embedding space whose characteristic scale is very much larger than V 1/3 . If the magnetic correlation tends to zero from a certain scale on, i.e., if for κ → 0 it is proportional to a power of κ, then for an observer inside V the field outside is statistically equivalent to a vanishing field. Consequently we could interpret Ξ (V, η, η ′ ) as the difference between two magnetic field configurations: one being the calculated through the diagrams above, and the other a null configuration.
To quantify this assertion, we begin by noting that the trace of the magnetic field correlation function is given by
where we again assume integration over τ i and over repeated momenta other than κ. Using again decomposition (26) for the scalar fields we have that from each mean value the only non-null contribution is
The integration of the delta functions in eq. (43) produce again a δ (κ +κ ′ ), i.e. momentum conservation. Writing the trace of the magnetic field correlation as
we obtain the following expression for the prefactor for trace of the magnetic field correlation function
As above, for any considered volume V we are interested in, its surrounding region, V s corresponds to the rest of the embedding space and satisfies V ≪ V s . The magnetic field configuration in those regions corresponds to superhorizon modes whose evolution is in general diffusive. Therefore to estimate the rms magnetic intensity at a certain time on a comoving scale κ ≪ 1 we use expressions (B4) for the retarded propagators, (A11) for the modes and (41) for the Bogoliubov coefficients. We then write
where τ f is the lifetime of the stochastic electric current. As τ f ≪ 1, it can be neglected in the denominator of each of the time integrals, which can then be estimated as
We can estimate the order of magnitude of the integral in the momenta by counting powers.
In the numerator we have 5 powers of κ and 5 powers of q 1 (three from the integration meassure and two from the square of the cross product). In the denominator there are 3 powers of q 1 and 3 powers of κ. Consequently the overall contribution of the integrals in the momenta is a factor κ 2 q 2 1 . To estimate their numerical value we must filter out the length scales smaller than those corresponding to κ s = 2πV −1/3 s because they oscillate inside V s , and so the main contribution from the momentum integrals is ∼ κ 4 s . Finally, taking the coincidence limit η = η ′ we have
Thus we see that for κ s → 0, i.e., for large volumes as those outside the considered structure, the magnetic field vanishes and so does their associated magnetic helicity. Therefore we can interpret our expression for the rms value of the magnetic helicity in a given volume V in the spirit of the work by Berger and Field, as the substraction of two magnetic configurations, one of them being effectively zero.
E. Magnetic Helicity on Large Scales
In this section we evaluate the magnetic helicity on large scales due to both smooth and fluctuating fields on that scale. From the form of the Bogoliubov coefficients, eqs. (40)- (42) we see that the main contribution is due to the modes with p < m/H, i.e., eq. (41). In this case the modes are given by eq. (A11), whereby
eq. (4.9) of that reference). In conformal (dimensionless) time it reads τ f ≃ (Ht f ) 1/3 and from the reference mentioned just above we have 
The factor B [C − B] was solved in Appendix C giving the non-null result
, withq =p −q 1 . Replacing expression (41) for the Bogoliubov coefficients and (51) for τ f , the magnetic helicity correlation function (52) for large scales and long times becomes
There remain the integrations over the momenta other than κ. As before, their contribution can be roughly estimated by counting powers as before. Since we are considering scales such that κ ≪ p < m/H, we can disregard κ in the denominator of expr. (55). Then we have that the power of the scalar field momenta in the numerator is 13 (nine from the integration meassures plus 4 from the square of the cross product) while in the denominator their power is 12 (three from each of the four Bogoliubov factor), giving as result a factor of the form from (51) we obtain
Using the numbers given by (35)- (37) we have on a galactic scale
which is a very small number. From eq. (61) we obtain the number density of links of the smooth field by multiplying by κ s , which means that the fractal dimension of the distribution is D = 0. This would mean that for large scales the number of defects becomes independent of the scale. It is interesting to estimate the order of magnitude of the coherent magnetic field associated to this helicity on a galactic scale.
We can crudely do that by taking
Recalling that the physical field is B = H 2 B and that 1 GeV 2 ≃ 10 20 Gauss we obtain that on a galactic scale the helical fields have an intensity of the order
which is a very small value, that however agrees with previous estimates in the literature [25, 27] . Observe however that expr. (62) coincides with the squareroot of expr. (48) when τ f is replaced by expr. (51) and the limit η → ∞ is taken. This means that the magnetic fields smooth on large scales induced by the mechanism considered in this paper are indeed helical.
G. Magnetic Helicity at Small Scales
The important feature of magnetic helicity for large scale magnetogenesis is the fact that it performs an inverse cascade if the medium where it evolves is turbulent. We shall then make the hypothesis that after reheating the plasma is in a state of decaying turbulence, where self-organization of magnetic structures can happen. The intensity of the turbulence is determined by the Reynolds number, which during reheating was estimated in Ref. [17] to be R e ∼ 100, while for times around electron-positron annihilation was calculated to be R e ∼ 0.03 [18] . Therefore a decaying turbulence scenario in the early universe is possible, the turbulence being mild.
Turbulence is a causal phenomenon, i.e., it happens on scales equal or smaller than the particle horizon. We must evaluate the intensity of magnetic helicity in regions of size of at most the particle horizon at the time τ f , when the sources of magnetic field vanish. After that moment the evolution of the field intensity and coherence scale will be considered to be due to the inverse cascade of magnetic helicity. We shall analize that evolution in the light of the simple model discussed in Ref. [23] (see also Ref. [37] ), whereby the comoving coherence length of the magnetic field grows as ℓ ∝ ℓ 0 η 2/3 and the total comoving energy E M contained in a given volume decays as E M ∝ E M (0)η −2/3 . Moreover, when the volume is fixed that law can be applied to the comoving magnetic energy density, i.e., we can consider To evaluate the magnetic helicity correlation we firstly note that the modes that will contribute the most are those such that q i , q < 1. This is due to the form of the Bogoliubov The contribution of the "cross" plus the "two bubbles" diagrams is then similar to the corresponding to large scales, namely
As the time dependence of the momenta has dissappeared, the time integrals involve only the expressions for the retarded propagators. For p < σ 0 /H and time intervals ∆τ ≪ 1 they are given by expr. (B6) below,
The integration between τ = 0 and τ = τ f is then straightforward, giving each propagator a contribution of τ 2 f , the overall time contribution thus being τ 8 f . Replacing the corresponding expressions for the Bogoliubov coefficients and the modes, eq. (64) can be written as ξ = ξ 1 + ξ 2 with ξ 1 corresponding to the momentum interval p < m/H and ξ 2 to m/H < p < σ 0 /H. Explicitly we have
To roughly estimate all momentum integrals we again count powers. As κ ∼ 1 we begin by neglecting the q's in front of κ in both expressions. For Ξ 1 we obtain a contribution of the form ∼ κ 2 q 2 /q 2 1 and considering the contribution that gives the largest value, namely q, q 1 ∼ m/H we obtain
For Ξ 2 the counting of powers give a factor of the form κ 
An important comment is in order: according to the approximations made to solve the KleinGordon equation during Reheating in Appendix A, the intervals p < m/H and p > m/H determined the two different sets of solutions that were used to calculate the Bogoliubov coefficients (62) and (63). Taking the limit p → m/H in both of those expressions, we see that they are not continuous in that limit, which means that the mentioned approximations break down. Consequently both Ξ 1 and Ξ 2 found using that value of momentum must be considered as upper bounds to the possible realistic values. We see that the main contribution to the rms value of the magnetic helicity is due to Ξ 2 , which after replacing the expression (51) reads
We estimate the magnetic helicity on a volume κ −3 again by taking the squareroot of (69),
and thus see that the number of links scales as
and their density as ∝ κ. The associated fractal dimension is D = 2.
We now turn our attention to the evolution of the magnetic field from its value induced at the end of reheating in a scale of the order of the horizon up to matter-radiation equilibrium.
That evolution will be due to a possible turbulent state during radiation dominance, which would allow an inverse cascade of magnetic helicity. We thus estimate again the comoving magnetic energy density as B To obtain the value of the physical field and coherence scale we must take into account the expansion of the Universe, which for the field means a dilution by a factor of (h rh /h eq ) and for the coherence scale an expansion by a factor (h eq /h rh ) These values could impact the process of early structure formation [14] .
V. DISCUSSION AND CONCLUSIONS
In this work we have investigated the generation of magnetic helicity in primordial magnetogenesis. We considered a specific mechanism for magnetic field generation, developed in Refs. [25, 27] (see also [28] ), where stochastic magnetic fields were induced by electric currents that appeared due to particle creation at the transition Inflation-Reheating. The charges correspond to a scalar field minimally coupled to gravity, as in this case the number of particles created is maximal. There would be support for such a field in the Supersymmetric theory of particles [26] . As the induced magnetic fields are random, the mean values of the different quantities are null, and consequently we had to calculate a rms deviation of H M . We could write it as the sum of four different SQED Feynman graphs of differente multiplicities.
Our main result is that the fields induced by stochastic currents generated by cosmological particle creation are helical.
On large scales as e.g. the galactic ones, we considered that the evolution of the magnetic helicity is diffusive because that scales are larger than the horizon during magnetogenesis, entering the horizon by the end of the radiation era or during matter dominance.
We also investigated the generation of magnetic helicity at a scales with a size of the order of the horizon during reheating, where inverse cascade can be operative. We made the naive hypothesis that throughout radiation dominance the plasma flow is endowed with decaying turbulence and applied the model for magnetic energy and coherence scale evolution developed in Refs. [23, 37] . The estimation of the resulting magnetic field intensities at equilibrium between matter and radiation gives values and coherence scales that could be of importance for structure formation [14] .
The importance of primordial magnetic fields endowed with magnetic helicity is that fields coherent on scales equal or shorter than the particle horizon, would self-organize on larger scales. This is due to the fact that when the plasma where the field evolves possesses some degree of (decaying) turbulence, magnetic helicity performs an inverse cascade instead of a direct one, thus thus self-organizing at large scales. For large scales, as e.g. the galactic ones, there can also operate the inverse cascade, but even if there were not such a process, the operation of further amplifying mechanisms, as galactic dynamos, would be crucially affected by the topological properties of the seed fields [24] .
In conclusion, generation of magnetic helicity in the early Universe seems to be quite easily achieved in different scenarios [15, [29] [30] [31] [32] [33] . The problem still remains in the intensities. In the mechanism considered here the fields obtained are indeed helical, but their intensities on large scales are too small, or have a marginal value to have an astrophysical impact, while on smaller scales they can be important provided that inverse cascade of magnetic helicity is operative in the early universe. In this appendix we find the solutions of eq. (8) in the two epochs of the universe considered in the paper, i.e., Inflation and Reheating, and calculate the Bogoliubov coefficients.
The Fourier transformed eq. (8) reads
whose solutions in each epoch will be labeled as ϕ In this case α ≃ iκ and then
which for finite κ and (η − τ ) → 0 gives
Appendix C: Contribution from the "cross" and "two bubbles" diagrams
We must evaluate
with A = q 
We have that 
There remains the term
We defineQ
hence
The term odd inQ ± integrate to zero, hence there only remains the first one, i.e. 
which is clearly non-null.
